Recently, two-dimensional (2D) materials have emerged as semiconductors for future nanoelectronic devices due to their ultrathin nature and favourable electronic properties[@b1][@b2][@b3]. Among these materials, graphene has attracted a lot of attention due to its excellent physical properties, such as high mobility, but has limits on its use as a semiconductor because of its zero band gap energy[@b4][@b5][@b6]. Unlike graphene, transition metal dichalcogenide (TMDC) materials, such as MoS~2~, MoSe~2~, and WSe~2~, are being largely studied as semiconductors because these materials have 2D-layered structures with sufficient band gap energy that depends on the number of stacked layers[@b7][@b8][@b9]. In particular, MoS~2~ has been widely studied in many device applications, such as field-effect transistors (FETs), memory, and sensors[@b10][@b11][@b12]. For example, it has been reported that single-layer MoS~2~-based FETs have good mobility (\~tens of cm^2^/Vs) and high on/off ratios (\~10^8^)[@b3][@b10][@b11][@b12].

TMDCs have pristine surfaces free of dangling bonds due to van der Waals (vdW) bonding between the layers of the TMDCs, which enables vertical staking of other materials that do not have similar lattice constants to those of TMDCs. In particular, many efforts have been made to demonstrate the novel physical phenomena in vertically and laterally stacked 2D layered materials and their heterostructures[@b13][@b14][@b15]. Most recently, there have been a few studies on vdW heterostructures based on 2D TMDCs combined with organic materials[@b16][@b17][@b18][@b19][@b20][@b21][@b22][@b23][@b24][@b25]. Organic materials have several favourable features, such as flexibility, low-cost production, low-temperature processing, and a lack of dangling bonds of organic materials[@b26][@b27]. Previous studies demonstrated the gate-tunable electronic and optoelectronic characteristics in vdW organic/inorganic p-n hybrid heterostructures[@b16][@b18][@b19][@b20][@b21][@b22][@b23][@b24][@b25]. In particular, Jariwala *et al*. reported an asymmetric control over the antiambipolar characteristics in pentacene/MoS~2~ heterojunctions and observed the photovoltaic effect[@b16]. However, an understanding of the electrical transport properties of the organic/inorganic hybrid structures is still limited because organic materials exhibit the presence of chemical and structural defects due to imperfect crystallinity, which can often lead to charge trap densities on the order of 10^18^/cm^3^[@b28]. Charge trapping at the p-n heterointerface plays an important role in the performance of p-n heterojunction devices. In particular, the gate-tunable electronic properties in organic/inorganic hybrid p-n junctions are strongly affected by the charge mobility of p-type and n-type materials, which is closely related to the charge trapping phenomena[@b29][@b30][@b31]. Therefore, a thorough understanding of the electronic transport associated with charge trapping in hybrid heterojunctions is required to facilitate the design of electronic and optoelectronic devices based on 2D and organic semiconductors.

Here, we report trap-mediated charge transport properties in pentacene/MoS~2~ hybrid heterojunction p-n diodes. We observed that the gate-tunable electronic conduction of the p-n junction was strongly affected by trap-assisted tunnelling through the vdW gap at the heterojunction interfaces between MoS~2~ and pentacene. We also found that the energy distribution of the trap states is closely related to the carrier activation energy. Using the temperature-variable current-voltage characteristics, the gate-tunable charge transport can be explained by a space-charge-limited conduction (SCLC) and a variable range hopping (VRH) conduction, especially at low temperature.

Results and Discussion
======================

[Figure 1(a)](#f1){ref-type="fig"} shows the fabrication process of the pentacene/MoS~2~ p--n junction devices. First, we transferred MoS~2~ flakes from a bulk MoS~2~ crystal (purchased from SPI Supplier, USA) onto a substrate by a mechanical exfoliation method (step 1). The substrate used in this study was a 270 nm thick SiO~2~ layer on heavily doped p^++^-Si, which is used as a common back-gate electrode. Then, we made patterns on the MoS~2~ flake and SiO~2~ to form contact electrodes using an electron beam lithography system. Au (50 nm)/Ti (5 nm) were deposited as the contact electrodes using an electron-beam evaporator (step 2). After that, we spin-coated polymethyl methacrylate (PMMA) onto the MoS~2~ surface and patterned the surface to prepare p-n junctions using the electron beam lithography system (step 3). The PMMA layer was also used as a protection layer to isolate the p-n junction area from the MoS~2~ FETs. Finally, the pentacene film (60 nm) was deposited with a thermal evaporator to fabricate the p-n heterojunctions (step 4). Here, one end of the MoS~2~ channel was in contact with the Ti/Au, and one end of the pentacene channel was in contact with Au. Note that because the work function of Ti (\~4.3 eV) and Au (\~5.1 eV) are close to the electron affinity of MoS~2~ (\~4.2 eV)[@b18][@b32] and the highest occupied molecular orbital (HOMO, \~4.9 eV)[@b33] of pentacene, these metal contacts can provide good electrical contacts on MoS~2~ and pentacene. More detailed information about the fabrication process is provided in the [Supplementary Information (Fig. S1)](#S1){ref-type="supplementary-material"}. [Figure 1(b,c)](#f1){ref-type="fig"} show an optical image of the fabricated pentacene/MoS~2~ p-n junction device and an AFM image of a MoS~2~ layer with electrodes, respectively. A MoS~2~ flake is enclosed by the black dashed line in [Fig. 1(c)](#f1){ref-type="fig"}. The red line in [Fig. 1(c)](#f1){ref-type="fig"} shows the topological profile of the MoS~2~ flake (\~4.2 nm thick), which corresponds to \~6 layers of MoS~2~.

[Figure 1(d,e)](#f1){ref-type="fig"} show the electrical characteristics of the fabricated MoS~2~ and pentacene FET devices, respectively. MoS~2~ and pentacene exhibit n-type and p-type nature, respectively. From these figures, the field-effect mobility (*μ*) of the MoS~2~ and pentacene FETs was calculated by the following formula:

where is the channel width, *L* is the channel length, *C*~*i*~ is the capacitance between the MoS~2~ or pentacene channel and the p^++^-Si gate per unit area*, ε*~*0*~ is the vacuum permittivity, *ε*~*r*~ is the dielectric constant of SiO~2,~ and d is the thickness of the SiO~2~ layer. The field-effect mobility was estimated to be \~15.2 and 0.06 cm^2^/Vs for MoS~2~ and pentacene FETs, respectively. It has been reported that band-like transport are observed in MoS~2~ devices beyond at a certain carrier density[@b34]. However, we could not observe such band-like transport in our MoS~2~ devices because of insufficient carrier density (See [Fig. S2 in Supplementary Information](#S1){ref-type="supplementary-material"}). All measurements were performed in vacuum (\~10^−4^ torr) to prevent unwanted effects due to moisture and oxygen from the ambient environment[@b35][@b36][@b37].

Next, the gate-variable electrical characterizations were conducted for the p-n heterojunction between MoS~2~ and pentacene. [Figure 2(a)](#f2){ref-type="fig"} shows a three-dimensional plot of the current-voltage (I~D~-V~D~) characteristics of a pentacene/MoS~2~ p-n heterojunction device at different gate voltage (V~G~) conditions. Here, the voltage was applied to the pentacene side electrode, and the MoS~2~ side electrode was grounded, while a common gate voltage was applied to both MoS~2~ and pentacene. From the I~D~-V~D~ curves, we found that the p-n heterojunction device made a transition from nearly insulating behaviour at V~G~ = 10 V to rectifying behaviour at V~G~ ≤ 0 V (see [Fig. S3 in the Supplementary Information](#S1){ref-type="supplementary-material"}). Jariwala *et al*. have also reported similar behaviour for their pentacene/MoS~2~ heterojunctions[@b16].

When heterostructure devices consist of materials that lack dangling bonds, the different materials can bond by a vdW force at the heterojunction interface[@b38][@b39][@b40]. Such heterostructures, such as our pentacene/MoS~2~ p-n heterojunctions, can have a vdW gap between the materials, which act as insulators. Then, the tunnelling phenomenon can occur through the a vdW gap. To analyse this tunnelling phenomenon, we used the Fowler-Nordheim plot; that is, ln(I~D~/V~D~^2^) versus 1/V~D~, as shown in [Fig. 2(b)](#f2){ref-type="fig"}. In this plot, in the Fowler-Nordheim tunnelling (FNT) regime, the charges transport through a triangular barrier, and the current is proportional to , and in the direct tunnelling (DT) regime, the carriers pass through a rectangular barrier, and the current is proportional to , where m\* is the effective mass of the carrier, Φ is the barrier height, d is the tunnelling distance, h is Planck's constant, q is the element charge, and V is the applied voltage[@b41]. Interestingly, at V~G~ = 0, −10, and −20 V, the current at a high forward bias exhibited a linear decrease in the FN plot, indicating that the transport mechanism is FNT dominant, whereas the forward current when V~G~ = −30 and −40 V exhibited logarithmic growth, indicating DT dominant transport. This type of tunnelling transformation upon changes in the gate voltage can be understood by the energy band alignment, which will be explained in a later section.

[Figure 2(c)](#f2){ref-type="fig"} further shows the gate-tunable electrical properties for the pentacene/MoS~2~ p-n heterojunction with an asymmetric antiambipolar response. Here, the antiambipolar behaviour means that current versus gate voltage curve shows convex-up shape (black curve in [Fig. 2(c)](#f2){ref-type="fig"}). And asymmetry is shown in such a way that the slopes of the curve on left and right side of the peak current position were different, and the current decreased more rapidly on the left side than on the right side of the current peak position. It has been reported that the asymmetric characteristics can be controlled by the ratio of the mobility, the channel length, and the series resistances of MoS~2~ and pentacene[@b16]. The mobility and series resistance are related by the trap density;[@b29][@b30][@b31] therefore, charge traps are an important source of asymmetric transconductance of the pentacene/MoS~2~ p-n heterojunctions.

[Figure 2(d)](#f2){ref-type="fig"} shows the ideality factors of the pentacene/MoS~2~ p--n heterojunction devices as a function of the gate voltage. The ideality factor can be extracted by the following p--n diode equation

where I~0~ is the saturation current, q is the elementary charge, k~B~ is Boltzmann's constant, T is the temperature, V~D~ is the applied voltage, and n is the ideality factor of the p-n junction. The ideality factor of our device was between 2.2 and 22.2, which is much higher than the typical value of the ideality factor (between 1 and 2) observed for conventional p-n semiconductor junctions[@b42]. A large ideality factor value is a common feature of vdW heterostructure devices that results from the trap state[@b17][@b18][@b19]. Because the ideality factor varies with the gate voltage, it suggests that the influence of the trap density on the charge transport conduction of the pentacene/MoS~2~ p-n heterojunction device also depends on the gate voltage.

To understand the effect of trap sites in the pentacene/MoS~2~ p-n heterojunction devices, we measured the I~D~-V~D~ curves at different temperatures from 100 to 250 K with a step of 25 K. [Figure 3(a)](#f3){ref-type="fig"} shows the log-log plot of I~D~ versus V~D~ at V~G~ = −20 V, at which the ideality factor was highest (see [Fig. 2(d)](#f2){ref-type="fig"}). Log-log plots of I~D~ versus V~D~ at other gate voltages are provided in the [Supplementary Information (Fig. S3)](#S1){ref-type="supplementary-material"}. In [Fig. 3(a)](#f3){ref-type="fig"}, the current and voltage of the p-n heterojunction devices follow a power-law relationship of I~D~ \~V~D~^m^, in which the slope (m) varies from 2.5 to 3.1 with decreasing temperature. It is known that the power-law dependence is characteristic of SCLC with the presence of exponentially distributed charge traps[@b43]. SCLC means that space charges, which consist of trapped carriers near the Fermi level, make electric fields and affect carrier conduction. In SCLC with exponentially distributed traps, the current is described as

where N~t~ is the density of the trap states, *ε*~*0*~ is the vacuum permittivity, *ε*~*r*~ is the dielectric constant, μ is the mobility, N~DOS~ is the density of state in the relevant band, and d is the channel length. In SCLC with exponentially distributed traps, the power-law parameter m decreases with increasing temperature and has a larger value than 2[@b43]. We observed this behaviour (inset of [Fig. 3(a)](#f3){ref-type="fig"}), which means the trap-assisted SCLC mechanism is the dominant conduction in our pentacene/MoS~2~ hybrid p-n devices. The slope of the graph (inset of [Fig. 3(a)](#f3){ref-type="fig"}) is related to the critical temperature, which we will discuss in a later section. Also, this SCLC conduction was observed in control MoS~2~ and pentacene FETs but it is observed only in certain conditions of gate voltage and temperature (see [Fig. S4 in the Supplementary Information](#S1){ref-type="supplementary-material"}). In the case of pentacene/MoS~2~ p-n heterojunction, the SCLC conduction was observed at all the gate voltage and temperature conditions, as shown in [Fig. 3(a)](#f3){ref-type="fig"} and [Figs S5](#S1){ref-type="supplementary-material"} and [S6](#S1){ref-type="supplementary-material"} of the [Supplementary Information](#S1){ref-type="supplementary-material"}. These results suggest that the SCLC conduction occurs not only in the junction of pentacene/MoS~2~, but also in the series resistance of the MoS~2~ and pentacene channels.

As shown in [Fig. 3(b)](#f3){ref-type="fig"}, the power-law fitted lines at different temperatures in the log-log plot meet at a critical voltage (V~C~), at which the density of traps can be calculated by the following relation: , where N~t~ is the trap density in the channel, and L is the channel length[@b44]. As V~D~ increases, the trap sites are gradually filled by injected charge carriers from the electrode. At V~C~, the traps are completely filled, and the conductivity of the device becomes independent of temperature[@b44]. The V~C~ of the device was \~79.4 V at V~G~ = −20 V ([Fig. 3(b)](#f3){ref-type="fig"}), which corresponds to N~t~ \~6.3 × 10^15^ cm^−3^. [Figure 3(c)](#f3){ref-type="fig"} shows the density of traps N~t~ as a function of the gate voltage, as determined from the V~C~ values at different gate voltages (see [Fig. S5](#S1){ref-type="supplementary-material"} in the [Supplementary Information](#S1){ref-type="supplementary-material"}). Considering that higher trap density increases the ideality factor[@b45], the ideality factor variation follows the trend of trap density variation (see [Figs 2(d)](#f2){ref-type="fig"} and [3(c)](#f3){ref-type="fig"}). Note that our devices had the highest current at V~G~ = −20 V, where the trap density was the largest. This is because the current also depends on the activation energy of the charge carriers at the traps, which will be explained later ([Fig. 4(b))](#f4){ref-type="fig"}.

[Figure 4(a)](#f4){ref-type="fig"} is an Arrhenius plot of the conductivity (σ) for gate voltages from −40 V to 0 V with a step of 10 V at a fixed V~D~ = 10 V. The activation energy (E~A~) values were determined by thermally activated transport (σ \~ exp (−E~A~/k~B~T) in a high-temperature region (T \> \~175 K), and E~A~ is plotted as a function of the gate voltage, as shown in [Fig. 4(b)](#f4){ref-type="fig"} (red filled circles). In the case of SCLC-dominant material, the larger the trap density, the larger the activation energy and the smaller the conductivity[@b46]. However, in our case, the tendency of the activation energy ([Fig. 4(b)](#f4){ref-type="fig"}) does not match the tendency of the trap density ([Fig. 3(c)](#f3){ref-type="fig"}). This tendency discrepancy can be due to the variation in the number of shallow traps that can be thermally activated in response to the gate voltage, which can be described by the critical temperature (T~C~) values as a function of the gate voltage (blue open circles), as shown in [Fig. 4(b)](#f4){ref-type="fig"}. As we mentioned previously, T~C~ can be calculated from the slope of the Arrhenius plot of m ([Fig. 3(a)](#f3){ref-type="fig"} inset). In SCLC with exponentially distributed traps, T~C~ (a parameter that indicates how many shallow traps exist) determines the energy distribution of the trap sites; a larger T~C~ indicates a smaller number of shallow traps[@b46]. In [Fig. 4(b)](#f4){ref-type="fig"}, the tendency of E~A~ well matches the tendency of T~C~, which indicates that a low activation energy results in a large amount of shallow traps. Therefore, as T~C~ increases, the activation energy increases due to the decrease in the number of shallow traps[@b46]. And, as the activation energy increases, the conductivity decreases due to the decrease in the carrier concentration.

In contrast to the high-temperature region (T \> \~175 K), in the low-temperature region, the conduction of the pentacene/MoS~2~ hybrid device does not obey thermally activated transport (see [Fig 4(a,c)](#f4){ref-type="fig"}). The conduction in MoS~2~ and pentacene with trap sites is often explained by a VRH conduction, especially at a low temperature[@b47][@b48]. VRH is a conduction in which the charge carriers transport by hopping through the trap states near the Fermi level[@b49]. Mott suggested that the conductivity of VRH-dominant 3-dimensional (3D) materials is given by , where *σ*~0~ is the characteristic conductivity, which is a function of T^−1/2^, and T~0~ is the characteristic temperature[@b50]. In our case, although the MoS~2~ channel has a 2D structure, we assume that the structure of our device is 3D due to the pentacene channel region which has a 3D structure. Also, we found that the 3D VRH model was the best fitting dimensional model among 1D, 2D, and 3D fittings although the VRH fittings between dimensionalities were not significantly different (see [Fig. S7 in the Supplementary Information](#S1){ref-type="supplementary-material"}). [Figure 4(c)](#f4){ref-type="fig"} shows that the conductivity of the pentacene/MoS~2~ hybrid p-n devices obeys the Mott's 3D VRH model. T~0~ is the parameter showing how actively VRH conduction occurs; when T~0~ is higher, hopping occurs more actively in the conduction[@b47]. [Figure 4(d)](#f4){ref-type="fig"} shows the values of T~0~ calculated from [Fig. 4(c)](#f4){ref-type="fig"} at various gate voltages. The variation in T~0~ ([Fig. 4(d)](#f4){ref-type="fig"}) has a similar tendency to the tendency of the variation in N~t~ ([Fig. 3(c)](#f3){ref-type="fig"}), which indicates that as the number of trap states increases, VRH occurs more actively in the conduction. In summary, the discrepancy between the variation of the activation energy and the trap density in response to the gate voltage is due to the effect of the gate voltage-dependent number of shallow trap states, and the similar gate voltage dependency of the T~0~ and trap density indicates that the more trap density, the more active VRH is. Note that VRH conduction was observed in control MoS~2~ and pentacene at certain conditions of gate voltage and temperature (see [Fig. S8 in the Supplementary Information](#S1){ref-type="supplementary-material"}), which suggests that VRH conduction occurs not only in the junction of pentacene/MoS~2~, but also in the series resistance of MoS~2~ and pentacene channels.

[Figure 5](#f5){ref-type="fig"} illustrates the energy band diagrams of the pentacene/MoS~2~ p-n heterojunction. [Figure 5(a)](#f5){ref-type="fig"} shows the electrical parameters of the materials; the work functions (Φ) of Ti and Au are 5.1 eV and 4.3 eV, respectively; the work functions of MoS~2~ and pentacene are in the range 4.5--4.9 eV and approximately 4.5 eV, respectively; the electron affinities (χ) of MoS~2~ and pentacene are 4.0 eV and 2.7 eV, respectively; and the energy gaps (E~G~) of MoS~2~ and pentacene are 1.2 eV and 2.2 eV, respectively[@b32][@b33][@b51]. [Figure 5(b,c)](#f5){ref-type="fig"} show the energy band diagram in the forward bias condition at −20 V ≤ V~G~ ≤ 0 V and V~G~ ≤ −30 V, respectively. Electrons are injected into the conduction band of MoS~2~, and holes are injected into the highest occupied molecular orbital (HOMO) of the pentacene or traps near the Fermi level. These charges tunnel through the energy barrier of the vdW gap at the pentacene/MoS~2~ junction interface. At −20 V ≤ V~G~ ≤ 0 V, both the electrons and holes can be charge carriers ([Fig. 2(c)](#f2){ref-type="fig"}), and they pass through the triangular energy barrier via FNT (see [Fig. 2(b)](#f2){ref-type="fig"}). It has been reported that structural defects of MoS~2~ and grain boundary of pentacene layers can act as surface charge trapping sites[@b52][@b53]. Also, non-uniformly deposited pentacene layer on MoS~2~ layer can contribute formation of interfacial trap sites between the layers (see [Figs S11--S13 in Supplementary Information](#S1){ref-type="supplementary-material"}). Those traps at the interface between MoS~2~ and pentacene can assist the transport by increasing the tunnelling probability. In trap-assisted FNT, the larger the trap density, the higher the tunnelling probability[@b54]. And these trap density also can be affected by the gate voltage (see [Fig. 3(c)](#f3){ref-type="fig"}). In contrast, at V~G~ ≤ −30 V, only holes can be charge carriers ([Fig. 2(c)](#f2){ref-type="fig"}). These holes pass through the rectangular barrier via DT (see [Fig. 2(b)](#f2){ref-type="fig"}). Similarly, the interface trap states also assist the tunnelling transport.

Conclusions
===========

We investigated the electrical properties of pentacene/MoS~2~ p-n heterojunction diodes at various gate voltages and temperatures. The current and conduction type of the p-n junction devices varied with the gate voltage, and the devices had a gate-bias-dependent large ideality factor. These phenomena resulted from the conduction nature of MoS~2~ and pentacene with significant trap sites. From the temperature-variable current-voltage characterization, the gate-tunable electrical characteristics of the devices were explained by a space-charge-limited conduction and a variable range hopping conduction at a low temperature. Our study helps in the understanding of the role of traps and the electrical properties of organic/2-dimensional material van der Waals heterojunction devices.

Methods
=======

Fabrication of pentacene/MoS~2~ p--n heterojunction devices
-----------------------------------------------------------

First, MoS~2~ FET devices were fabricated using suitable MoS~2~ flakes that were transferred from a bulk MoS~2~ crystal by a micromechanical exfoliation method. MoS~2~ flakes were transferred to 270 nm thick SiO~2~ on a highly doped p++ Si wafer (resistivity \~5 × 10^−3^ Ω cm) that can be used as a back gate. And we identified suitable MoS~2~ flakes using an optical microscope. Measurement of the height of the MoS~2~ flakes and characterization of the surface of pentacene layer were performed by an atomic force microscope system (NX 10 AFM, Park Systems). To make patterns for the source-drain electrode, we spin-coated double electron resist layers---methyl methacrylate (MMA) (9% concentration in ethyl lactate) and polymethyl methacrylate (PMMA) (5% concentration in anisole) at 4000 rpm for each resist layer and baked the samples at 180 °C for 90 s after spin-coating each electron resist layer. The patterns for the source-drain electrode was made using an electron beam lithography system (JSM-6510, JEOL). The pattern development was performed for 30 s using a methyl isobutyl ketone/isopropyl alcohol (MIBK/IPA) (1:3) solution. Metal deposition for the source and drain electrodes was performed with an electron beam evaporator system (KVE-2004L, Korea Vacuum Tech), and the lift-off process was performed in acetone for 30 min. To make pentacene channels, PMMA was spin-coated on the sample, and pentacene was deposited using a thermal evaporator system (GVTE1000, GV-Tech).

Device characterization
-----------------------

All electrical characteristics of the devices were measured using a probe station (JANIS, ST-500) with a temperature variation capability and a semiconductor parameter analyser (Keithley 4200-SCS).
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![(**a**) Schematics of the device fabrication processes for the pentacene/MoS~2~ p-n heterojunction devices. (**b**) Optical image of a device. The blue area is the pentacene used in the p-type semiconductor. (**c**) AFM image of the MoS~2~ FET area. The red line shows the thickness of the MoS~2~ film (\~4.2 nm). (**d**) Electrical data of a MoS~2~ FET. (**e**) Electrical data of a pentacene FET.](srep36775-f1){#f1}

![(**a**) Three-dimensional plot of the I~D~--V~D~ curves of a pentacene/MoS~2~ p--n heterojunction device with V~G~ varying from 10 V to − 40 V. (**b**) Ln (I~D~/V~D~^2^) versus 1/V~D~ plot of a pentacene/MoS~2~ p-n junction device. Schematics show the Fowler-Nordheim tunnelling (FNT) and direct tunnelling (DT) for different gate voltage conditions. (**c**) Semilogarithmic I~DS~−V~D~ curves of MoS~2~ (red) and pentacene (blue), and semilogarithmic I~D~--V~D~ curve of the pentacene/MoS~2~ p-n junction device (black). (**d**) Gate-voltage-dependent ideality factor of the pentacene/MoS~2~ p-n junction device.](srep36775-f2){#f2}

![(**a**) Semilogarithmic scale log-log plot of the I~D~--V~D~ data at V~G~ = −20 V. Inset shows the exponent m in I~D~ \~ V~D~^m^ as a function of temperature. (**b**) The power-law fitting lines in (**a**) meet at a critical voltage V~C~. (**c**) The density of traps N~t~ as a function of gate voltage.](srep36775-f3){#f3}

![(**a**) Arrhenius plot of the conductivity σ for gate voltages from −40 V to 0 V at a fixed V~D~ = 10 V. (**b**) Activation energy (E~A~) values determined from a high-temperature region (T \> \~175 K) are plotted as a function of gate voltages. The T~C~ values (a parameter indicating the energy distribution of trap sites) are also plotted. (**c**) Plot of the conductivity of pentacene/MoS~2~ hybrid p--n devices that follow the variable range hopping conduction model. (**d**) T~0~ values (a parameter showing how actively variable range hopping conduction occurs) as a function of gate voltage.](srep36775-f4){#f4}

![(**a**) Energy band profiles of MoS~2~ and pentacene before contacting each other. (**b,c**) Energy band alignment of the pentacene/MoS~2~ p-n junction device in the forward bias condition (**b**) at −20 V ≤ V~G~ ≤ V and (**c**) V~G~ ≤ − 30 V.](srep36775-f5){#f5}
